Abstract: Gluconic acid was proposed as a prebiotic for nonruminants; however, a ruminant application is undescribed. The first experiment was a 5 × 5 Latin square with five test doses of calcium gluconate (CaG) at 0, 5, 17, 32, and 46 g d −1 . Treatments were infused into the abomasum of lactating dairy cows for 28 d and milk was collected on days 26, 27, and 28. The second experiment was a crossover where cows (N = 30) were fed a total mixed ration (TMR) with (0.2% of dry matter) and without CaG for 28 d. Milk (days 26, 27, and 28) and blood (day 28) were collected from all cows and rumen fluid (day 28) from a subset of six rumen-cannulated cows. Infusion of CaG into the abomasum increased milk fat yield and decreased dry matter intake resulting in improved feed efficiency. In contrast, cows fed CaG in the TMR had decreased milk yield and milk protein and lactose yields compared with control. In the subset of rumen-cannulated cows, the proportion of butyric acid was decreased and acetic acid increased relative to total volatile fatty acid in cows fed CaG. These findings suggest that CaG utilization may be different in the rumen and lower gastrointestinal tract.
Introduction
Butyrate supports the structural integrity and function of the gastrointestinal tract (GIT) in nonruminants and is associated with improved nutrient utilization (Liu et al. 2017 ) and health status (Fang et al. 2014; McNabney and Henagan 2017) . In dairy calves, butyrate supplementation in milk replacer and starter diet accelerated and enhanced the development of the GIT (Górka et al. 2009 (Górka et al. , 2011 . Less is known about the functional role of butyrate in the GIT of mature dairy cows. However, in the rumen butyrate is essential for the growth, proliferation, and function of the epithelium (Bergman 1990) . Beyond this role, butyrate is a key energy substrate for the cow via its conversion to ketones. Ketone bodies are used as energetic substrates in peripheral tissues, where they are largely converted to ATP and GTP in cardiac and skeletal muscle tissue, as well as the mammary gland, of the lactating dairy cow (Black et al. 1961) . Increasing butyrate concentrations in the rumen has been achieved by butyrate infusion (Herrick et al. 2017 (Herrick et al. , 2018 and through dietary manipulations that lead to increased butyrate synthesis (Lupton 2004; Penner et al. 2011) . Feeding butyrate precursors has been another approach to stimulate butyric acid synthesis. Lactose feeding, for example, increased the molar percentage of ruminal butyrate in beef steers (Schingoethe et al. 1980 ) and lactating dairy cattle (DeFrain et al. 2004 (DeFrain et al. , 2006 .
In the nonruminant animal literature, gluconic acid was identified as a precursor for butyrate synthesis.
In an in vitro model, gluconic acid stimulated the growth of acid-producing species including Lactobacillus (Tsukahara et al. 2002 (Tsukahara et al. , 2006 , Bifidobacterium (Asano et al. 1994 (Asano et al. , 2005 and acid-utilizing bacteria Megasphaera elsdenii (Tsukahara et al. 2002 (Tsukahara et al. , 2006 resulting in increased volatile fatty acid (VFA) synthesis, particularly butyrate. These findings propose gluconic acid as a potential prebiotic for nonruminants. In ruminants, the potential exists for gluconic acid to stimulate butyrate production in the rumen and postruminal in the GIT. In the only published ruminant study, Emery et al. (1960) fed gluconic acid, as calcium gluconate (CaG), to lactating dairy cows in a field study. The authors noted increased milk fat yield in the herds that received CaG; dry matter intake (DMI) and diet information were not reported. In agreement, infusion of CaG into the abomasum of lactating dairy cows increased milk fat yield and was associated with alterations in fecal VFA profile and blood metabolite concentrations (Doelman et al. 2019) . Together these findings suggest both ruminal and postruminal CaG application alters metabolism and performance in lactating dairy cattle.
The objective of the present research was to examine the effects of CaG (rumen available and postruminal delivery) on milk production in lactating dairy cattle. Utilization characteristics of CaG in the rumen are unknown and consequently, outflow of CaG from the rumen cannot be predicted. Therefore, to investigate the potential for CaG to impact fermentation in the rumen, as well as postruminal, two separate experiments were performed. The first experiment evaluated the effects of postruminal delivery of gluconic acid on milk production in lactating dairy cows. The postruminal evaluation of CaG was modelled after the nonruminant GIT application and previous work in our laboratory (Doelman et al. 2019) . In our previous experiment, milk fat yield significantly increased with increasing doses of CaG (from 46 to 187 g d ) delivered postruminal. The current study is another dose titration ranging from 0 g d −1 (saline) to the maximal effective dose (46 g d −1 ) observed in our previous experiment. The second experiment examined the effect of feeding CaG in the total mixed ration (TMR) of lactating dairy cows on milk production and rumen VFA profile. The null hypothesis was that CaG would have no impact on milk production (experiments 1 and 2) or rumen VFA concentrations (experiment 2) compared with cows that did not receive CaG.
Materials and Methods

Animal housing and management
Both experiments were performed at the Trouw Nutrition Agresearch Dairy Facility (Burford, ON, Canada). Experiment 1 took place from September to November 2014, and experiment 2 was performed from June to August 2014. The Institutional Animal Care and Use Committee at Trouw Nutrition Agresearch Canada, in accordance with Canadian Council on Animal Care guidelines, approved animal procedures. Lactating Holstein cows from the herd were used in these studies. Animals were housed individually in tie stalls (1.7 m 2 ) with pasture mats and chopped straw bedding and had free access to water via in-stall watering bowls. Each stall had a feed bunk physically separated from the bedding (straw). Cows were fed individually and no animal was observed consuming the straw bedding. Cows were milked twice daily with the herd once in the morning (0500) and once in the afternoon (1600). As per facility procedures, general health observations were made daily on individual cows. was tested previously in our laboratory (Doelman et al. 2019) . Treatment arrangement within the square was according to a Williams design (Williams 1949) . Treatments were prepared daily by mixing 5, 17, 32, and 46 g of CaG (Corbion Purac, Gorinchem, the Netherlands) in 6 L of water and these were administered via an infusion line placed 1 d prior to study. The infusion line was made of flexible PVC tubing (0.32 cm inner diameter, 0.64 cm outer diameter, Fisher Scientific, Toronto, ON, Canada) and was passed through a hole in the rumen cannula plug (10 cm center diameter cannula, No. 1C 4″ Bar Diamond, Parma, ID, USA). The other end passed through a hole in a Plastisol flange (15 mm diameter, 5 mm height, Toronto, ON, Canada), which had five holes (1.5 cm diameter) to aid in the passage of digesta (Gressley et al. 2006) . The flexible Plastisol flange was folded and passed through the rumen and sulcus omasi and then unfolded securing the infusion line into the abomasum. Placement of the infusion line in the animal was checked once daily. However, with this technique it was not possible to ensure line placement in the abomasum at all times and has therefore been referred to as "postruminal". Test treatments were continuously infused (6 L d
) using a Watson-Marlow 205U/CA multichannel peristaltic pump (Wilmington, MA, USA) for 28 d periods (no washout). Cows were fed a common TMR (Table 1) once daily (0900) and refusals were collected and weighed for DMI determination. Samples of the forages and concentrate were taken weekly and composite samples were prepared every third week for nutrient composition determination by near-infrared spectroscopy (NIRS™ DS2500, Foss, Hillerød, Denmark; Trouw Nutrition Canada Laboratory, St. Hyacinthe, QC, Canada). The instruments were calibrated using wet chemistry and validated on the National Forage Testing Association system. On days 26, 27, and 28 of each study period milk was collected, weighed, and sampled at the morning and evening milking and analysed for fat, protein, and lactose by mid-infrared spectroscopy (MilkoScan™ FT + , Foss, Hillerød, Denmark; Agriculture and Food Laboratory, University of Guelph, Guelph, ON, Canada). Instruments were calibrated weekly using wet chemistry.
Milk yield [energy corrected milk (ECM)] was corrected for 3.5% fat and 3.2% protein [(0.3246 × kilogram of milk) + (12.86 × kilogram of fat) + (7.04 × kilogram of protein)] (Tyrrell and Reid 1965) and feed efficiency was calculated as ECM/DMI. All data were analysed in SAS studio (SAS® version 9.4M5, SAS Institute Inc., Cary, NC, USA). Data were modelled in the GLIMMIX procedure of SAS with treatment and period as fixed effects and cow as a random effect. Orthogonal polynomial trend contrast coefficients were generated using the IML procedure of SAS, using CaG doses of 0, 5, 17, 32, and 46 g d vs. CaG, linear and quadratic dose responses. For all models, the conditional studentized residuals were checked for normality. Treatment effects were declared at P ≤ 0.05 and tendencies for treatment effects at P < 0.10. All data are expressed as least squares means and standard errors of the means.
Experiment 2
The experiment was a crossover design with two dietary treatments, CON and CaG, and two 28 d feeding periods (no washout period). Thirty cows (143 ± 25 d in milk, 676 ± 74 kg, and 35 ± 6 kg milk) were grouped by parity (primiparous, n = 10 and multiparous, n = 20) and then blocked together in pairs by calving date. Animals within block were randomly allocated to a treatment sequence (CON-CaG or CaG-CON). To facilitate rumen fluid sampling, six of the multiparous cows were rumen cannulated and blocked together by days in milk. All animals were fed a common TMR (Table 1) once daily (0900) and DMI was measured daily. Calcium gluconate was added to the TMR at a target of 0.2% of the average DMI (23 kg d −1 ).
This target was set to deliver 46 g CaG cow
matching the maximal dose tested in experiment 1. Calcium gluconate content was not measured in the feed refusals, instead predicted CaG intake was calculated from DMI. On days 26, 27, and 28 of each study, period milk was collected, weighed, and sampled at the morning and evening milking, stored at 4°C for later analysis. On day 27 of each period, two 10 mL blood samples were collected at 1300 from the coccygeal vessel of each cow. Blood samples were immediately put on ice and centrifuged at 1500g for 15 min. Plasma was separated and stored at −80°C until analysis. Rumen fluid was collected from the subset of six rumen-cannulated cows at 1000 on day 27 of each period. Ruminal contents were removed via the rumen cannula, placed into cheesecloth and rumen fluid was collected by squeezing ruminal contents over a collection vessel. Samples were immediately frozen in liquid nitrogen and stored at −20°C until analysis. Samples of the forages and concentrate were taken weekly and composite samples were prepared every third week for nutrient composition determination by near-infrared spectroscopy (NIRS™ DS2500, Foss, Hillerød, Denmark; Trouw Nutrition Canada Laboratory, St. Hyacinthe, QC, Canada). The instruments were calibrated using wet chemistry and validated on the National Forage Testing Association system. Milk was analysed for fat, protein, and lactose by infrared spectroscopy (MilkoScan™ FT + , Foss, Hillerød, Denmark;
Agriculture and Food Laboratory, University of Guelph, Guelph, ON, Canada). Instruments were calibrated (Cant et al. 1993) . Volatile fatty acid concentrations in the rumen fluid were determined by high performance liquid chromatography (Shur-Gain Laboratory, St. Hyacinthe, QC, Canada).
Milk yield (ECM) was corrected for 3.5% fat and 3.2% protein [(0.3246 × kilogram of milk) + (12.86 × kilogram of fat) + (7.04 × kilogram of protein)] (Tyrrell and Reid 1965) . Data were analysed in SAS studio (SAS® 9.4M5, SAS Institute Inc., Cary, NC, USA). Data were modelled in the GLIMMIX procedure of SAS with treatment, period, parity (primiparous or multiparous), and their interactions as fixed effects and cow within block as a random effect. For all models, the conditional studentized residuals were checked for normality. Rumen fluid VFA data were modelled in the mixed procedure of SAS with treatment and period as fixed effects and cow as a random effect. Treatment effects were declared at P ≤ 0.05 and tendencies for treatment effects at P < 0.10. All data are expressed as least squares means and standard errors of the means.
Results
Experiment 1
No health issues were noted in this experiment and all animals remained on study for the full duration. Dry matter intake, milk yield, and milk component yield and composition are presented in Table 2 . The infusion of CaG significantly increased milk fat yield (P = 0.05); the dose relationship was not described by linear or quadratic trends. Dry matter intake was significantly decreased with CaG infusion (P = 0.02) and the response was linear with CaG dose (P = 0.04). Feed efficiency (ECM/DMI) linearly increased with increasing CaG dose administration (P = 0.04).
Experiment 2
One cow (noncannulated) was removed from the study for health reasons; the remainder of animals stayed on study for the duration. Dry matter intake, milk yield, and milk component yield and composition are presented in Table 3 . Inclusion of CaG in the TMR significantly decreased milk yield and milk protein and lactose yields, whereas milk fat yield was unchanged. Parity significantly affected animal productivity, with primiparous animals having lower BW, DMI, ECM, and milk fat and lactose yields than multiparous animals. Due to differences in DMI, predicted CaG consumption was significantly less for primiparous (40.2 ± 1.4 g d −1 ) compared with multiparous cows (49.2 ± 1.0 g d −1 ) (P < 0.001). There were no significant interactions between parity and treatment for any parameter. Dietary treatment did not alter blood metabolite concentrations (Table 4) . Volatile fatty acid concentrations in the rumen fluid were measured in a subset of rumen-cannulated animals (Table 5 ). Propionate molar concentration was significantly lower with CaG treatment than CON. Cows that consumed CaG had relative proportions of butyric acid that were significantly lower and acetic acid significantly higher than CON.
Discussion
In nonruminants, CaG stimulated butyrate production in the GIT (Tsukahara et al. 2002 (Tsukahara et al. , 2006 and when fed to piglets increased final BW and average daily gain (Biagi et al. 2006) . The current research aimed to determine if similar animal performance benefits would be observed in lactating dairy cattle. To model the GIT application used in nonruminants, CaG was infused (Tyrrell and Reid 1965) .
postruminal. Also investigated was the effect of CaG feeding (rumen available) on rumen VFA profile and milk production. Interestingly, the method of CaG delivery had differential effects on animal performance. These production responses are thought to be attributed to CaG. However, direct comparison of the two experiments is cautioned due to differences in experimental approaches, including, dose administration, stage of lactation, and season. Infusion of CaG postruminal increased milk fat yield, in agreement with previous work in our laboratory (Doelman et al. 2019 ). In addition, DMI decreased linearly with increasing CaG dose, resulting in significant improvements in feed efficiency. These findings are in agreement with Biagi et al. (2006) who noted increased average daily gain in piglets fed sodium gluconate. In contrast, CaG fed in the TMR was associated with reduced milk yield, milk lactose and protein yields. This finding disagrees with a field study done by Emery et al. (1960) , where increased milk fat percentage and fat-corrected milk yield were observed in herds fed CaG (57 g d −1
) in the TMR. However, it is difficult to interpret the results of Emery et al. (1960) as DMI and details of the diet and herd characteristics were not reported. The mechanism by which postruminal CaG altered production responses was not investigated in this study, yet warrants further investigation. Based on the nonruminant literature, CaG reaches the lower GIT where it is fermented (Asano et al. 1994) . However, the extent of CaG utilization in other regions of the GIT, including the omasum in dairy cattle, remains unknown. Furthermore, the relationship between GIT fermentation patterns and animal production outcomes is not fully understood.
A secondary aim of this research was to investigate CaG as an approach to stimulate butyric acid production in the rumen, as has been previously observed in the GIT of nonruminants. A subset of cows was used in this study based on herd availability of rumen-cannulated animals. Despite the small sample size (n = 6), statistically significant changes in rumen VFA concentrations were observed. Feeding CaG in the TMR decreased the percentage of butyrate and increased the percentage of acetate in the rumen. Increased acetate fits in part with the mode of action for gluconic acid proposed by Tsukahara et al. (2002 Tsukahara et al. ( , 2006 . These authors noted increased acetate, lactate, and butyrate production in cultured porcine digesta supplemented with gluconic acid. The production of acetate and lactate was proportionally much greater than that of butyrate and ascribed to metabolic interactions between Lactobacillus and M. elsdenii (Tsukahara et al. 2002 (Tsukahara et al. , 2006 . The decreased percentage of butyrate in the rumen fluid is not consistent with these findings. However to our knowledge, no other study has examined the impact on CaG on rumen VFA concentrations. DeFrain et al. (2006) fed the butyric acid precursor, lactose, in the diet of Holstein cows during transition (2006) and in late lactation (2004) and noted increased ruminal butyrate in both studies. However, in late lactation cows, lactose feeding was associated with Note: Data are expressed as least square means and means within a row not sharing a lowercase letter differ significantly at the P < 0.05 level. CON, control; DM, dry matter; SEM, standard error of the mean.
a Rumen fluid was collected from a subset of six rumencannulated cows (n = 6 per treatment). decreased ruminal acetate. Herrick et al. (2018) observed increased butyrate and decreased acetate and propionate with ruminal butyrate infusion compared with saline. Changes in VFA profile were accompanied by decreased plasma glucose and increased BHB in the study of Herrick et al. (2018) . In the present study, no differences in blood metabolite concentrations were observed between dietary treatments. Unlike Herrick et al. (2018) who used time-course blood sampling, the current experiment took a single time-point measurement. This approach may have lacked the sensitivity to detect significant treatment effects.
Milk production responses observed with CaG feeding and infusion are difficult to explain in the given limited data set. In cows fed CaG in the TMR, milk production may have been related to the observed changes in rumen VFA concentrations, which have frequently been associated with changes in milk production and component yields. Huhtanen et al. (1993) replaced a 3:1 molar ratio of acetate and propionate with butyrate at 0, 200, 400, 600 g cow −1 d −1 and noted linear increases in milk fat and protein yields, with decreased lactose yield in response to increased butyrate dose. Similarly, a linear increase in milk fat yield and decrease in lactose yield was noted by Miettinen and Huhtanen (1996) ) as a single dose (2017) or over 3 d (2018) in Holstein cows (95 days in milk). Milk production was not influenced by butyrate infusion, however an increased concentration of short-chain fatty acids in the milk was observed. In comparison to these studies, much smaller changes in relative VFA proportions in a limited number of animals were observed in the present experiment. The relationship among CaG, rumen VFA, and milk production response requires a more comprehensive examination.
Conclusions
Calcium gluconate, a butyrate precursor, had differential effects on animal performance when delivered ruminal versus postruminal. Specifically, milk yield (not composition) was decreased when CaG fed in the TMR, whereas, postruminal infusion of CaG increased milk fat concentration and reduced DMI. The mechanism by which CaG altered animal production parameters cannot be described by the current studies. Future studies that examine CaG from a systems approach may aid in the interpretation of the differential production responses observed. The nonruminant GIT representation of gluconic acid mode of action may not be transferable to the different microbial ecosystem of the rumen. Specifically, the presence of protozoa, fungi, and differences in buffering capacity between the rumen and hindgut (Gressley et al. 2011 ) could contribute to the differential utilization of gluconic acid.
